ABSTRACT Dichloroacetate (DCA) is an investigational drug for certain metabolic diseases. It is biotransformed principally by the -1 family isoform of glutathione transferase (GSTz1), also known as maleylacetoacetate isomerase (MAAI), which catalyzes the penultimate step in tyrosine catabolism. DCA causes a reversible peripheral neuropathy in several species, including humans. However, recent clinical trials indicate that adults are considerably more susceptible to this adverse effect than children. We evaluated the kinetics and biotransformation of DCA and its effects on tyrosine metabolism in nine patients treated for 6 months with 25 mg/kg/day and in rats treated for 5 days with 50 mg/kg/day. We also measured the activity and expression of hepatic GSTz1/MAAI. Chronic administration of DCA causes a striking age-dependent decrease in its plasma clearance and an increase in its plasma half-life in patients and rats. Urinary excretion of unchanged DCA in rats increases with age, whereas oxalate, an end product of DCA metabolism, shows the opposite trend. Low concentrations of monochloroacetate (MCA), which is known to be neurotoxic, increase as a function of age in the urine of dosed rats. MCA was detectable in plasma only of older animals. Hepatic GSTz1/MAAI-specific activity was inhibited equally by DCA treatment among all age groups, whereas plasma and urinary levels of maleylacetone, a natural substrate for this enzyme, increased with age. We conclude that age is an important variable in the in vivo metabolism and elimination of DCA and that it may account, in part, for the neurotoxicity of this compound in humans and other species.
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Human exposure to dichloroacetate (DCA) extends over approximately a 10 3 -fold concentration range. Environmental exposure to contaminated fog, rain, and chlorinated drinking water, which contain microgram per liter concentrations (Römpp et al., 2001; , results in DCA doses of a few micrograms per kilogram per day, whereas milligram per kilogram per day doses are administered clinically for the investigational treatment of certain metabolic diseases, such as congenital mitochondrial disorders (for review, see Stacpoole et al., 1998; .
The first step in DCA biotransformation is complete dechlorination to glyoxylate in a reaction catalyzed by glutathione transferase -1 (GSTz1) (Cornett et al., 1999; Anders et al., 2001) . No other primary pathway of DCA biotransformation has been reported. The glyoxylate subsequently is converted to oxalate, glycine, and CO 2 . It is well established that DCA inhibits its own metabolism in rodents and humans across the environmental to clinical concentration range Guo et al., 2006; Jia et al., 2006) , apparently by a post-translationally mediated inhibition of hepatic GSTz1. This enzyme is identical in mammals to maleylacetoacetate isomerase (MAAI), which catalyzes the penultimate step in tyrosine catabolism (Mitchell et al., 2001) . Inhibition of GSTz1/MAAI after exposure to DCA results in accumulation of maleylacetoacetate and its decarboxylated product maleylacetone (MA) (Cornett et al., 1999) (Fig. 1) . Both maleylacetoacetate and maleylacetone are chemically reactive molecules and can form protein adducts (Lantum et al., 2002) .
Possibly because of its effect on tyrosine catabolism, chronic administration of DCA to adult rodents, adult dogs, and some humans causes reversible peripheral neuropathy and hepatotoxicity . In a recent test, two randomized, double-blind, placebo-controlled trials have shed light on the pharmacotoxicology of chronic DCA treatment when administered by mouth at doses of 12.5 mg/kg twice daily. In one study, 43 children with genetically heterogeneous causes of congenital lactic acidosis, whose mean Ϯ S.D. age at entry was 5.6 Ϯ 5 years, were randomized to receive DCA or placebo for 6 months . Serial quantitative evaluation of peripheral nerve amplitude and velocity in upper and lower extremities disclosed no evidence of drug-related neurotoxicity. In contrast, a second controlled trial was conducted in 30 adolescents and adults (mean age at entry 30 Ϯ 14 years), all of whom had the same A3742G point mutation in mitochondrial DNA that gives rise to the syndrome of mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS) (Kaufmann et al., 2006) . This study was terminated prematurely because of a high incidence of symptomatic peripheral neuropathy associated with DCA administration for several weeks or months.
The ontogeny of GSTz1/MAAI is unknown. In rats, expression of ␣, , and GST isoforms reached adult levels by postnatal day 10 (Tee et al., 1992) . Studies of GST activities with several substrates, including 1-chloro-2,4-dinitrobenzene and 1,2-dichloro-4-nitrobenzene, in rats aged 6 to 30 months showed no changes in activity with 1-chloro-2,4-dinitrobenzene over this age range, but they showed a decline in activity with 1,2-dichloro-4-nitrobenzene at up to 30 months (Chen et al., 1994) . In mice aged 8 to 10 weeks and 60 weeks, elimination of a single dose of DCA was reduced in 14-month-old control mice compared with 2-month old mice (Schultz et al., 2002) . However, although chronic DCA treatment markedly reduced DCA elimination in young mice, it had no effect on DCA toxicokinetics in 14-month-old animals. DCA treatment caused a 90% loss in the ability of liver S10 fractions to metabolize DCA in the 2-month-old mice, but only a 65% loss in the 14-month-old mice. There was no difference in GSTz/MAAI expression in liver S10 fractions of control 2-and 14-month-old mice. However, DCA treatment did not reduce GSTz/MAAI expression as much in old as in young animals (Schultz et al., 2002) . The authors concluded that hepatic GSTz/MAAI expression and activity were not the only factors controlling the elimination of DCA from mice.
We hypothesized that the apparent age-dependent variability in interspecies tolerance to chronic DCA administration may be associated with differences in its metabolism or elimination. Therefore, we investigated the effect of age on the plasma kinetics of DCA after chronic oral administration to humans and short-term oral administration to rats at doses of 25 or 50 mg/kg/day, respectively. We found age to be a strong determinant of the kinetics and biotransformation of DCA and of its effects on tyrosine metabolism.
Materials and Methods
Chemicals. We purchased sodium 1,2-[ 13 C]DCA (99% pure) from Cambridge Isotopes Laboratories (Andover, MA). We verified the purity of the compound by gas chromatographic-mass spectrometric (GC-MS) analysis (Shroads et al., 2004) , and we found that it contained Ͻ0.1% of [
12 C]DCA and Ͻ0.001% of [ 13 C]monochloroacetate (MCA). We purchased unlabeled clinical grade sodium DCA from TCI America (Portland, OR), and we analyzed the product by the same method for the presence of MCA and trichloroacetic acid. We found Ͻ0.001% of these compounds were present. We obtained 1-[
14 C]DCA (specific activity 52.3 mCi/mmol) from American Radiolabeled Chemicals (St. Louis, MO), and we converted it to its sodium salt with NaHCO 3 . We synthesized maleylacetone as described previously (Cornett et al., 1999) , and we verified its structure by mass spectrometry and NMR analysis. We obtained 12% boron trifluoride in methanol and sodium 2-oxopentanoic acid (99% pure) from SigmaAldrich (St. Louis, MO) and sodium 2-oxohexanoic acid (97% pure) and penta-fluorobenzyl bromide (99% pure) from Sigma-Aldrich. We purchased fresh-frozen human plasma and fresh whole blood from LifeSouth (Gainesville, FL). Since DCA is typically found in municipal water, we used spring water (Zephyrhills, FL) for the animal's drinking water that we analyzed using EPA Method 552.1, and we found both DCA and MCA to be below the method's detection limits. All other chemicals used were reagent grade or higher, and they were obtained from commercial suppliers.
Clinical Studies. The major results of the studies of DCA conducted in children and adults (Kaufmann et al., 2006) with genetic mitochondrial diseases have been published. Both were prospective, randomized, placebo-controlled, and doubleblind clinical trials in which DCA was administered by mouth at a twice-daily dose of 12.5 mg/kg to subjects who were previously naive to the drug. Both studies were approved by the respective institutional review boards, and they were conducted in General Clinical Research Centers at the University of Florida (children) and Columbia University (adolescents and adults). Patients studied at Florida had congenital lactic acidosis due to a biochemically proven deficiency in pyruvate dehydrogenase or in one or more complexes of the respiratory chain, or they had a pathological mutation in mitochondrial DNA. The patients enrolled in the Columbia trial had MELAS due to the common A3742G point mutation. Although all subjects had clinical manifestations consistent with their disease, none had clinically or biochemically significant hepatic or renal insufficiency or any other complication known to alter the bioavailability, kinetics, or metabolism of DCA (see Stacpoole et al., 1998) .
Many children were too young or debilitated to undergo formal pharmacokinetic investigations. In addition, the clinical trial involv- Fig. 1 . Reactions catalyzed by the glutathione-dependent bifunctional enzyme GSTz/MAAI. GSTz dehalogenates DCA to glyoxylate, and it is the major route of DCA biotransformation. MAAI is the penultimate enzyme in the catabolism of phenylalanine and tyrosine that isomerizes maleylacetoacetate to fumarylacetoacetate and maleylacetone to fumarylacetone.
ing the patients with MELAS was stopped prematurely because of drug-associated neuropathy; so, only a few subjects received DCA for 6 months, which was the intended duration of initial exposure. Therefore, we conducted the kinetics studies reported here in five children enrolled in the Florida trial who ranged in age from 2.2 to 7.1 years (mean 5.2 Ϯ 1.8 years) and in four patients enrolled in the Columbia trial who ranged in age from 14.0 to 33.9 years (mean 23.6 Ϯ 10.0 years) at the time of the first DCA dose. We gave each pediatric patient 12.5 mg/kg 1,2-[ 13 C]DCA by mouth after an overnight fast, and we withdrew 1 to 2 ml of venous blood from an upper extremity vein at time 0, 15, and 30 min and 1, 2, 4, 6, 8, and 12 h after dosing. We centrifuged samples at 5°C, and then we aliquoted the plasma into 2-ml cryo-vials and stored the vials at Ϫ80°C until analysis. Immediately after we withdrew the 12-h blood sample, we administered a dose of 12.5 mg/kg [ 12 C]DCA to complete the 25 mg/kg/day dose schedule. We also collected urine over the 24 h immediately following the first drug dose. After 6 months of twicedaily administration of [
12 C]DCA, we dosed each child with 12.5 mg/kg [ 13 C]DCA, and we obtained blood samples at the time intervals mentioned above.
The clinical trial conducted in older subjects at Columbia University did not include the administration of [
13 C]DCA, nor was urine collected for pharmacological studies. Therefore, the kinetics of DCA in these subjects was evaluated using the 12 C isotope, and we used the identical dosing and sampling scheme used in the children for the initial 12.5-mg/kg DCA dose. The dose was administered after 6 months of twice-daily treatment.
Animal Studies. We purchased male Sprague-Dawley rats representing three age groups from Harlan (Indianapolis, IN). At the time of initial DCA dosing, "young" rats (n ϭ 4) were 5 to 6 weeks old and they weighed 120 to 150 g, "adult" rats (n ϭ 5) were 7 months old and they weighed 425 to 500 g, and "old" rats (n ϭ 5) were 15 months old and they weighed 495 to 530 g. Animals were housed individually at the Animal Research Facility at the University of Florida under constant temperature (22°C) and humidity on a 12-h light/dark cycle to minimize stress, and they were allowed free access to drinking water and rat chow. The Institutional Animal Care and Use Committee of the University of Florida approved the experimental protocol of this investigation, and animal care and treatment were conducted in accordance with established guidelines.
Before experimentation, we fitted the rats with a jugular catheter as described previously , and we allowed them to recover from surgery for 1 day before experimentation. We administered sodium 1,2-[ 12 C]DCA (50 mg/kg/day) by gavage in a volume of 1 ml of distilled water for 4 days followed by 100% 1,2-[ 13 C]DCA (50 mg/kg/day) on the fifth day. Control animals received vehicle alone. We gave [
13 C]DCA to the rats on the final day because two metabolites of DCA, glyoxylate and oxalate, occur naturally in plasma and urine. Analysis by mass spectrometry can readily distinguish the different isotopes of DCA and its metabolites, and it can also discriminate between the endogenous levels of glyoxylate and oxalate from their concentrations due to DCA administration (Shroads et al., 2004) . We collected blood on day 5 at 0, 10, 20, and 40 min and 1, 2, 4, 6, 8, 10, and 12 h after 1,2-[ 13 C]DCA administration, and we immediately centrifuged the whole blood at 500g to isolate the plasma. We mixed the remaining red blood cells with heparinized saline (10 units/ml) to a volume equal to the removed plasma, and we reintroduced the red cell/heparinized saline solution into the rats through the cannula before each sampling time to minimize fluctuations in intravascular fluid volume and hematocrit. We froze the plasma at Ϫ80°C before analysis by GC-MS. We collected urine from the animals for 24 h after [
13 C]DCA administration, and we froze it at Ϫ80°C. At the conclusion of blood sampling, we anesthetized the animals with carbon dioxide, and we sacrificed them by decapitation.
Analysis of DCA and DCA Metabolites. We measured 1,2-[ 12 C]DCA and 1,2-[ 13 C]DCA by GC-MS after derivatization in plasma and urine to their methyl esters with 12% boron trifluoride in methanol and subsequent extraction with methylene chloride (Shroads et al., 2004) . We prepared calibration standards daily by adding varying amounts of [ 12 C]DCA and [ 13 C]DCA to fresh-frozen human plasma and derivitizing and analyzing as described above. We used fresh-frozen human plasma as the matrix for the calibration curves for both human and rat studies because it was more readily available, and we required several milliliters of plasma for the daily standards. Comparison of the slopes of the calibration curves (response versus concentration) of DCA, MCA, and maleylacetone showed no statistically significant difference between standards prepared in human plasma and rat plasma (data not shown). We obtained linear calibration curves (correlation coefficient Ͼ0.995) for [ 12 C]DCA and [ 13 C]DCA over a 0.05 to 100-g/ml range. When sample concentrations exceeded this range, we diluted the sample extracts in methylene chloride to ensure that their measured concentration was within the concentration range of the calibration curves. In addition to the calibration samples, we prepared analytical blanks, fortified samples, and replicates each day in accordance with good laboratory practice. We used Zephyrhills Spring water for blank samples, and the water was found to be free of all analytes. We added the internal standard (50 g/ml 2-oxohexanoic acid) to all samples and standards before derivatization and extraction, and we analyzed them using an Agilent 5972 GC-MS (Agilent Technologies, Palo Alto, CA) under analytical conditions reported previously (Shroads et al., 2004) . We determined the levels of both carbon-12 and carbon-13 isotopes of DCA, MCA, glyoxylate, and oxalate using this method. We used the concentrations of 1,2-[
13 C]DCA in the plasma for pharmacokinetic modeling.
Analysis of Tyrosine Metabolites. We measured the tyrosine catabolites maleylacetone and succinylacetone using a PolarisQ iontrap mass spectrometer (Thermo Electron Corporation, Waltham, MA) operated in the electron capture negative chemical ionization mode, after extraction and derivatization under similar analytical conditions as reported previously (Zolodz et al., 2006) . We combined 100 l of plasma or urine in a glass centrifuge tube with 500 l of (6% trifluoroacetic acid and 1% KCl) aqueous solution, 5 l of internal standard (100 g/ml 2-oxopentanoic acid), 1 ml of methylene chloride, and 300 mg of Na 2 SO 4 . The sample was vortex-mixed for 2 min, sonicated for 5 min and centrifuged at 1200g at 15°C for 30 min. We transferred 750 l of the lower organic layer to an amber conical vial, and we concentrated it under a gentle stream of nitrogen to less than 20 l. We added 500 l of methylene chloride to the original aqueous plasma solution, and we vortex mixed and centrifuged, as described above. We added the methylene chloride layer to the conical vial containing the earlier extraction, and we evaporated the sample under the nitrogen to less than 10 l. We derivatized each sample by adding 100 l of methyl tert-butyl ether, 50 l of triethylamine, and 150 l of the penta-fluorobenzyl bromide solution, and then we sonicated the samples for 30 min in a 50°C water bath. We transferred the samples to an amber vial for analysis. The gas chromatograph was equipped with a Zebron (Phenonmenex, Torrance, CA) ZB5 column of 30-m length, with an inside diameter of 0.25 mm and film thickness of 0.25 m. Retention times of the compounds were 16.5 min for 2-oxopentanoic acid (internal standard) and 18.1 min for maleylacetone. The mass spectrometer was operated using the analytical conditions described previously (Zolodz et al., 2006) . We analyzed sample blanks, replicates, and fortified samples daily for quality control purposes.
Pharmacokinetic Analysis. We fitted the plasma-concentration time curve for all DCA measurements into a noncompartmental pharmacokinetic model for each patient and animal using WinNonLin, version 5.01 software (Pharsight, Mountain View, CA), obtained through the academic license program. We determined the maximum plasma concentration of DCA (C max ) and the time to achieve C max (T max ). Through the WinNonLin software, we calculated the area under the plasma concentration-time curve from time 0 to the last measurable concentration of DCA (AUC 0 -t ) using the lineartrapezoidal method and the area under the plasma concentrationtime curve from time 0 extrapolated to infinity (AUC 0 -ϱ ). We used at jpet.aspetjournals.org least three sampling points to estimate the first order elimination rate constant (z) for each curve. The software calculated the terminal phase elimination half-life (t 1/2 ) as ln (2)/z and the total body clearance (CL) of DCA as the dose/AUC (0 -ϱ). We estimated the apparent volume of distribution (V z /F) as CL Ϫ F/z, where F is the bioavailability. We previously reported the bioavailability of DCA for humans is 1 (Curry et al., 1991) .
GSTz1/MAAI Activity. We removed the rat livers immediately after sacrifice, and we prepared and analyzed cytosolic fractions for protein concentration. We measured hepatic GSTz1/MAAI specific activity as described previously (James et al., 1997) GSTz1/MAAI Expression. We used a known amount of human GSTz1-1 as the standard for Western immunoblotting. Procedures for generating this recombinant protein were published recently (Guo et al., 2006) . We resolved recombinant human GSTz1-1 (0.05 g) and hepatic cytosol fractions from control (10 g of protein) and DCA-treated rats (40 g of protein) by SDS-polyacrylamide gel electrophoresis on a 12% polyacrylamide gel (Bio-Rad, Hercules, CA). We transferred proteins to nitrocellulose membranes, and we immunoblotted them as described previously (Guo et al., 2006) .
Analysis of MCA in DCA-Fortified Whole Blood. We prepared solutions of 1, 2, and 5 mM [
12 C]DCA in fresh whole blood and in spring water. We selected these concentrations based on those we measured in blood after the 25 mg/kg/day dosing. We placed four separate 1-ml aliquots of each concentration into glass culture tubes, and we shook the samples at 160 rpm at a temperature of 37°C for 1 h in a Thermo Forma model 420 orbital shaker (Thermo Electron Corporation). We also prepared unfortified whole blood and spring water for quality control purposes, and we analyzed these samples using the same conditions. We measured the DCA and MCA concentrations in the blood by mass spectrometry (Shroads et al., 2004) .
Statistical Analyses. We determined the mean, S.D., and statistical significance of the data using Excel software (Microsoft, Redmond, WA). We used a two-sided Student's t test to analyze kinetic and metabolic data between treatment groups or between kinetic parameters and age and a two-sided analysis of variance test to evaluate differences in hepatic GSTz1/MAAI activity among the three age groups of rats. In all cases, a p value of Յ0.05 was considered to be statistically significant. Where analytes were below the limit of detection, we set values at the limit of detection/͌2 for purposes of statistical analysis. To compare the correlation between age and kinetics, the values from the two human studies were combined, and a least-squares linear regression was performed on the resultant data set to obtain the coefficient of the determination (R 2 ).
Results

Pharmacokinetics and Biotransformation
Clinical Studies. Table 1 shows the mean and S.D. values of the pharmacokinetic parameters of DCA for the five children who participated in the clinical trial at the University of Florida and for the four adults who participated in the trial conducted at Columbia University. In each study, DCA-naive individuals received 12.5 mg/kg DCA for kinetic modeling. We found no statistically significant differences in any pharmacokinetic parameter between the age groups after the initial dosage. Figures 2 and 3 represent the mean Ϯ S.D. values of the individual time versus concentration curves for the subjects studied at Florida and Columbia, respectively, and they indicate the patient groups exhibit closely similar kinetic behavior consistent with the data in Table 1 . However, we found significant differences in the kinetics of plasma DCA between the groups after 6 months of continuous treatment of 25 mg/kg/day DCA. The t 1/2 of DCA was 6.4 Ϯ 3.4 h in the pediatric group, and it was 21 Ϯ 5.8 h in the older subjects (p Ͻ 0.05). The area under the time-concentration curve extrapolated to infinity (AUC 0 -ϱ ) for DCA was almost 5-fold higher in the adults, compared with the children (1500 Ϯ 700 vs. 340 Ϯ 130 g/ml; p Ͻ 0.05), although total body clearance (CL) of DCA was 4-fold lower in the adults than in the children (37 Ϯ 14 versus 8.3 Ϯ 4.6 ml/h; p Ͻ 0.05). There was no statistical difference in the C max values of DCA between the groups. Figures 2 and 3 also illustrate the composite time-concentration profiles after 6 months of continuous exposure to DCA. The values at time 0 represent the plasma levels of DCA carried over from the previous dose, and they clearly demonstrate that the drug is not cleared in the adult patients within the 12-h dosing interval. In contrast, both [
12 C]DCA and [ 13 C]DCA are cleared from the plasma of the pediatric patients within the same dosing interval.
When the data from both patient groups were combined, there were no correlations between age and any kinetic parameter measured after the first DCA dose (Table 2 ). In contrast, moderate-to-strong correlations were obtained between age and the kinetics of DCA after 6 months of continuous exposure.
Rat Studies. Because of the limited number of patients in whom the age dependence of the kinetics and metabolism of DCA could be investigated, we performed more probative experiments of the drug's toxicokinetics and biotransformation in rats of varying ages.
[ 13 C]DCA. Table 3 shows the mean Ϯ S.D. values derived from pharmacokinetic modeling of the concentration-time curves for [ 13 C]DCA after the fifth (final) oral dose of 50 mg/kg/day as a function of age. There were differences in C max values (p Ͻ 0.01) between the adult and old rats and between the young and adult rats (p Ͻ 0.02), but the C max values in the young and the old rats were similar. There were no differences in the mean residence time or volume of distribution among the animal groups. However, plasma halflife increased as a function of age, and it was significantly higher (p Ͻ 0.03) in old animals (7.0 Ϯ 1.1 h), compared with young rats (4.5 Ϯ 1.5 h). In addition, the plasma AUC for DCA in the older rats (700 Ϯ 220 g/ml ⅐ h) was higher (p Ͻ 0.004) than that found in adult (290 Ϯ 67 g/ml ⅐ h) and young (370 Ϯ 47 g/ml ⅐ h) (p Ͻ 0.02) animals. CL was significantly lower in the oldest age group (71 Ϯ 22 ml/h) compared with the young (130 Ϯ 17 ml/h; p Ͻ 0.02) and adult (170 Ϯ 40 ml/h; p Ͻ 0.01) rats. Figure 4 shows representative plasma concentration-time curves of DCA plasma elimination for young and old rats. The smaller AUC and shorter half-life are readily observed in the kinetic curve of the younger animals (Fig. 4A) , compared with the older animals (Fig. 4B) . In all age groups, the urinary concentration of 
TABLE 2 Correlations between age and pharmacokinetic parameters
Correlations between age and kinetic parameters were made from data obtained after the first DCA dose and after 6 months of daily exposure to 12.5 mg/kg every 12 h. mM. The increase of the AUC of the [ 12 C]DCA on day 5 was directly associated with age of the animals (p Ͻ 0.01), particularly between young and old rats. In addition, we found higher levels of [ 12 C]DCA in the urine of adult and old rats compared with the young rats ( Fig. 5B ; p Ͻ 0.02). There was no difference in the levels of measured [
13 C]oxalate and [ 12 C]glyoxylate among the age groups. However, the urinary concentration of [ 12 C]oxalate, an end product of DCA metabolism, was lower (p Ͻ 0.04) in old rats compared with young rats (Fig. 5C) .
MCA concentrations. We measured urinary [ 12 C]MCA in two of the five young rats. Similar to the data obtained for DCA, urinary levels of [ 12 C]MCA increased with age (Fig.  6A) , although the groups contained similar concentrations of [ 13 C]MCA (Fig. 6B) . We found no detectable MCA (Ͻ0.01 g/ml) in the plasma of young and adult rats, whereas [ 13 C]MCA was detectable in the plasma of old rats (Fig. 6C) . To test the hypothesis that DCA conversion to MCA occurs in the blood compartment, we incubated [
12 C]DCA with whole blood from human and rat sources, and we detected the presence of MCA under all experimental conditions (Fig. 7) . Rat and human blood produced similar amounts of MCA when incubated in the presence of 2 mM DCA. The levels of MCA measured in blood were proportional to the concentration of DCA added, and they were approximately 1% of the original DCA concentrations. We found no MCA in samples of No urinary DCA was detected in two young rats, and no urinary oxalate was detected in one young rat, and this value was set as LOD/͌2 for statistical analyses. organic-free (spring) water incubated for 1 h at 37°C with 1, 2, or 5 mM DCA.
GSTz/MAAI activity and expression and tyrosine catabolites. Hepatic GSTz1/MAAI specific activity in DCA-naive animals was inversely related to age (Fig. 8) . The activity in young rats (1.60 Ϯ 0.09 nmol/min/mg protein) was 1.4-fold greater than that measured in the livers of old animals (1.12 Ϯ 0.01 nmol/min/mg protein; p Ͻ 0.01). GSTz1/MAAI activity decreased approximately 90% after 5 days of treatment among all ages. The expression of GSTz1/MAAI assessed by Western immunoblots was similar at baseline among age groups, and it decreased approximately 80% among all groups after 5 days of DCA exposure (data not shown).
We detected maleylacetone, a potentially toxic tyrosine metabolite, in the plasma of only old rats exposed to DCA (Fig. 9A) . Furthermore, we found that the concentration of maleylacetone in the final 24-h urine samples was higher (p Ͻ 0.04) in old rats compared with young animals (Fig. 9B) . We did not detect succinylacetone in any of the samples.
Discussion
These data indicate that age is an important variable in the kinetics and metabolism of DCA and in its effects on tyrosine biochemistry. Although adequate data on the pharmacokinetics of DCA were available for only a few of the patients who participated in the two clinical trials of DCA, it is clear that age is directly proportional to the rate at which the drug is cleared from the plasma after chronic exposure. This interpretation is consistent with the finding that, despite very similar kinetic profiles between drug-naive children and adults, the subsequent changes in all the measured kinetic parameters (Table 1) and plasma concentration-time curves (Figs. 2 and 3 ) are disproportionately greater in the adults. Indeed, the results presented in Table 2 suggest that the changes in the plasma kinetics of DCA in individuals chronically exposed to the drug are fairly linear over the first three decades of life.
The data obtained in the rat experiments also shed new light on the effect of age on DCA metabolism. Total body clearance of the drug in rats is directly associated with age of the animal, leading to increased plasma accumulation of DCA as shown in the increase of AUC 0 -ϱ (Table 3 ). The reduced biotransformation of DCA to glyoxylate in the oldest rat group leads to decreased urinary excretion of one of its terminal end products, oxalate (Fig. 5) . In contrast, conversion of DCA to MCA through a minor pathway seems to increase markedly in older rats, compared with young or adult animals (Fig. 6) . The mechanism accounting for reductive monodehalogenation of DCA in vivo is unknown. However, it seems that one site of DCA biotransformation to MCA is the circulation, based on findings obtained upon incubating DCA ex vivo in whole blood from either rats or humans (Fig. 7) . We speculate that the age-dependent formation of MCA occurs as a result of the greater accumulation of DCA in the blood of older animals because of its diminished rate of plasma clearance.
The plasma concentration of MCA even in old animals is only a small fraction of the DCA dose administered. Nevertheless, MCA is severalfold more toxic to rodents than DCA or trichloroacetic acid, and it has been associated with neurotoxicity in animals and with life-threatening lactic acidosis in both humans and rodents after topical or systemic exposure (Stacpoole, 1989; Stacpoole et al., 1998) . [
13 C]MCA has been detected occasionally in the plasma of healthy subjects administered clinically relevant doses of [ 13 C]DCA (A. L. Shroads, G. N. Henderson, and P. W. Stacpoole, unpublished observation), but the toxicological significance of this finding to humans chronically exposed to DCA is unknown.
Maleylacetone and its acid analog, maleylacetoacetate, are intermediates in the pathway of tyrosine catabolism, and they are capable of forming adducts with GSTz/MAAI (Lantum et al., 2002) . Maleylacetoacetate and its isomer, fumarylacetoacetate, are thought to be causative in the hepatotoxicity associated with patients with hereditary tyrosinemia type I (Mitchell et al., 2001) . We found higher levels of maleylacetone in the urine and plasma of the oldest rats (Fig. 9) , consistent with the notion that the effects of chemical (DCA) knockdown of GSTz/MAAI are greatest in older animals and that they lead to accumulation of the natural substrates for the enzyme.
Given these observations regarding age-dependent changes in the plasma kinetics and biotransformation of DCA and its effect on circulating maleylacetone levels, it was somewhat surprising that the effects of DCA in reducing GSTz1/MAAI activity and expression in rat liver were qualitatively similar regardless of age (Fig. 8) . These findings differ from results reported with mice, in which DCA treatment caused a greater lowering of hepatic GSTz activity in young compared with old animals (Schultz et al., 2002) . It is clear that the age-dependent decrease in the plasma clearance of DCA, together with the accumulation of both MCA and maleylacetone in old rats, cannot be accounted for by any measurable effect of the drug on its primary metabolizing enzyme. Another possible explanation for these findings is that there are age-related differences in the elimination of DCA, MCA, and maleylacetone. If transporter proteins are involved in elimination of these compounds, there may be age-related differences in their expression and function. Alternative pathways for the accumulation of maleylacetone and MCA are possible, but to our knowledge they have not been evaluated directly, except for the apparent capacity of whole blood to biotransform DCA to MCA (Fig. 7) (Li et al., 2006) .
Regardless of what mechanism accounts for the altered DCA kinetics and metabolism with advancing age, our findings have potential clinical significance in elucidating the neurotoxicity of this agent in humans. Despite anecdotal reports of occasional reversible peripheral neuropathy in patients chronically treated with DCA over the 25 to 50 mg/kg/ day dose range , only two randomized, placebo-controlled trials have prospectively evaluated the effect of the drug on peripheral nerve function in two populations of patients with genetic mitochondrial diseases (Kaufmann et al., 2006; Stacpoole et al., 2006) . These reports demonstrated marked differences in susceptibility to DCAassociated neurotoxicity, with older subjects manifesting a high incidence of peripheral neuropathy, compared with no demonstrable adverse peripheral nerve effects in young children in whom the duration of exposure to DCA was even greater.
Further assessment of long-term tolerance to open label DCA in nine pediatric patients (current mean age and standard deviation 12.9 Ϯ 2.9 years) treated for up to 10 years with the compound have revealed some decline in peripheral nerve function (Stacpoole et al., 2008) . However, it cannot be determined whether this change in nerve conduction is related more to long-term DCA exposure or to the natural progression of the underlying disease of the patients, in whom peripheral neuropathy is common (Stickler et al., 2006) .
The present study provides a possible explanation for the divergent toxicological findings in children and adults. Accordingly, for reasons that remain to be elucidated, young age may be an important factor in tolerating chronic DCA because of a proportionately greater ability to clear the drug and its metabolites from the circulation and cause less accumulation of the potential toxins maleylacetone and MCA. Further research is required to determine with certainty the effect of age on DCA and tyrosine metabolism in humans. However, the present data have important implications for the long-term administration of DCA in genetic mitochondrial and other chronic diseases.
